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Introduction
The identification and development of effective, broad-spectrum antibiotics, now almost a century ago, led to a watershed moment in public health where there was a wide-spread belief that infectious disease would be a scourge of the past. Within a few short decades, this optimism began to wane, as pathogen after pathogen developed resistance mechanisms that limited these once miraculous treatments. For some time, the arms race between drug discovery efforts and the pathogens seemed balanced. However, the misuse of antimicrobials has recently culminated in the emergence of pan-drug resistant strains of Klebsiella pneumoniae, Acinetobacter baumanii, Serratia marcescens, and P. aeruginosa 1, 2, 3, 4 . P. aeruginosa is an opportunistic, gram negative, multi-host pathogen that is a severe threat to patients with severe burns, those who are immunocompromised, or have cystic fibrosis. It is also increasingly identified as a causative agent in severe nosocomial infections, particularly due to its ongoing acquisition of antimicrobial resistance. To begin to address this threat, we have used the well-documented C. elegans-P. aeruginosa infection system 5 . Our lab has leveraged this system to develop a liquid-based, high-throughput, high-content screening platform to identify novel compounds that limit the ability of the pathogen to kill the host 6 . Intriguingly, these compounds seem to belong to at least three general categories, including antimicrobials 7 and virulence inhibitors 8 . Other high-content drug discovery assays in C. elegans have been reported for Mycobacterium tuberculosum, Chlamydia trachomatis, Yersinia pestis, Listeria monocytogenes, Francisella tularensis, Staphylococcus aureus, Candida albicans, and Enterococcus faecalis, among others 9, 10, 11, 12, 13, 14, 15, 16 . These types of assays have several well-recognized advantages, such as limiting false positive hits that may be toxic to both the host and the pathogen, increased likelihood of bioavailability compared to a chemical screen, and the ability to identify hits beyond simply limiting microbial growth, such as anti-virulents, immune stimulatory molecules, or compounds that otherwise tilt the balance of the host-pathogen interaction in favor of the former. Additionally, the compounds discovered in these screens are often effective in mammalian hosts. 1. After the second wash, aspirate most of the media, leaving ~20 µL. Vigorously shake plates using a microplate vortexer for at least 30 seconds to loosen any debris from the bottom of the wells).
9. After the final wash, aspirate supernatant down to 20 µL. Add 50 µL of 0.98 µM nucleic acid stain (see Table of Materials)/well of the 384-well plate, for a final concentration of 0.7 µM. 10. Incubate at room temperature for 12 -16 h. This dye will only stain dead worms. After the desired incubation period, wash plates using the microplate washer to remove any excess stain (a minimum of 3 washes). 11. For data acquisition, use a spectrophotometer or an automated microscope to image both transmitted light and fluorescence (531 nm excitation and 593 emission). 1. Use a low magnification objective to allow an image of the whole well to be captured. 2. Alternatively, use flow vermimetry. This technique uses a large object flow cytometer as a worm fluorimeter, measuring the size and fluorescence of whole organism (i.e., C. elegans) in a fashion that is strongly similar to flow cytometry.
12. Use automated image analysis software (such as CellProfiler, a free image analysis studio based on MatLab http://cellprofiler.org/) to calculate the fluorescent and total worm areas per well in an unbiased fashion. Note: The quotient of these numbers represents the fraction death for each well. If one well had 7 stained worms out of 20 total, then the fraction death comprises 0.35 or 35%.
1. Prior to first use, the automated image processing pipeline must be validated by manual scoring. This is done by comparing results from the automated pipeline to scores obtained by visually inspecting images and recording fractions of dead worms for each of them. The validation process ensures that the parameters for the automated imaging processing are accurate and represent the data correctly.
Adaptation for Screening Multiple C. elegans Strains or Knockdowns (RNAi Screen Setup)
Note: This is an RNAi screen described for a 24-well plate setup.
Representative Results

Important parameters for assay performance
A proper understanding of the biology underlying this assay is necessary for troubleshooting and optimizing the assay. To that end, we refer first to several key papers elucidating the mechanisms of pathogenesis of P. aeruginosa-mediated killing in liquid 7, 20 . Provided that the steps outlined above are followed (see Figure 1 for a schematic of the assay protocol) a time-dependent killing of C. elegans will be observed only in the presence of the pathogen (Figure 2A) . In contrast, in the absence of key nutritional supplements (e.g., if the peptone is left out of the media, and only S Basal is added), little to no killing will be observed ( Figure 2B) . Interestingly, the two-step incubation of P. aeruginosa (for 24 h at 37°C
, then 24 h at 25 °C) which is critical for conventional slow-killing assays, and was originally implemented in Liquid Killing 21 , is dispensable in this assay ( Figure 2C) . While it is possible to add P. aeruginosa straight from overnight LB culture, doing so significantly changes lethality kinetics and is not recommended.
Understanding assay biology also permits simplification of the assay, if appropriate and desirable. For example, the most important driver of host killing in this assay is the siderophore pyoverdine, and host toxicity caused by pyoverdine is contingent upon its ability to bind iron 7 . As such, the assay can be simplified by substituting pyoverdine-rich filtrate, purified pyoverdine, or even some synthetic iron-chelating chemicals (e.g., 1,10-phenanthroline) for live bacteria, as the transcriptional response of C. elegans to these treatments is very similar (Figure 3) 
.
Several different lines of evidence speak to the robustness of the experimental setup. First, the setup tolerates a wide range of initial bacterial concentrations. Concentrations as low as OD600 = 0.0025 (approximately 10-fold lower than recommended) still exhibit time-and concentrationdependent killing, although the timing does shift ( Figure 4A) . Second, the reproducibility of the assay is such that as few as 4 wells is frequently sufficient to obtain statistically significant data ( Figure 4B ).
There are several changes that we do not recommend. For example, using initial bacteria inocula with concentrations much higher than those listed in the protocol; doing so results in thick, biofilm-like material that is difficult or impossible to effectively wash away, which complicates scoring lethality. Furthermore, high-concentration bacterial inocula also can compete for oxygen and trigger non-specific host killing 7 . Another important note is to limit the period of time between stopping the assay and imaging the dead worms. Note that this time frame must include staining, so it is critical to be efficient. After death, the biological material within worms begins to extrude and/or be consumed by bacteria. Within a matter of 24 -32 h, only the cuticle remains. The cuticle stains very poorly and is very light, making it easy to lose during washes. It is important to note that strains or strain/RNAi conditions with very different kinetics of killing can be complicated by this phenomenon (i.e., some worms may still be alive while others have already lost their content and are impossible to image). Figure 4A shows this phenomenon, as worms at the left side of the plate, inoculated with very low initial bacterial concentrations, are still largely alive while worms on the right side of the plate, which were exposed to much higher concentrations of bacteria, have been washed away.
A very important determinant of assay success is the method used to collect and analyze the data. In our lab, we have used at least three methods for collecting data from these assays: spectrophotometry, automated microscopy, and flow vermimetry (i.e., the adaptation of flow cytometry techniques to C. elegans; literally, the measurement of worms in a flowing solution). The first of these methods uses a spectophotometer to read the fluorescence of the dye or reporter of the worms in question. This method has the advantage of using a fairly ubiquitous piece of equipment (a standard spectrophotometer with a microplate reader) and is the fastest method to acquire data. However, it lacks the informational content available from automated microscopy and the statistical power of flow vermimetry.
Automated microscopy is another viable option. A number of microplate imaging systems are currently on the market, ranging in prices that are affordable to a single investigator (e.g., a Bio-Tek Cytation5) to larger, more expensive and higher-quality machines that are more commonly found in core facilities (e.g., a Molecular Devices ImageXpress Microscope). In practice, most of these solutions are amenable for scoring most screens and assays. Most automated imaging platforms can also be coupled to downstream software for image processing (e.g., MetaMorph, ImageJ, Gene5, or Cell Profiler) to further the yield of information. Examples of the utility of processing are shown in Figure 5 and Figure 6 . When the signal-to-noise ratio is high (as in Figure 5 ),analysis is simple and discriminating between positive and negative conditions is trivial. In these cases, even weak hits can be readily identified. Many assays, however, have a weaker signal-to-noise ratio. For example, treatment of PINK-1::GFP 22 worms (with constitutive mCherry expression in their pharynges) with 1,10-phenathroline increases the level of PINK-1::GFP.
For data analysis, the inducible GFP reporter is normalized to the constitutive mCherry signal (Figure 6 ). In this case, the reporter has weaker expression and/or is not activated in the majority of the worms. Therefore, implementing additional image-processing tools, like Cell Profiler, that can reduce background and amplify signal may be advantageous.
Finally, if a COPAS FlowPilot is available, it can be used to acquire data via flow vermimetry. Much like the more familiar concept of flow cytometry, this instrument can be used to measure the fluorescence of C. elegans in at least two or three channels at a time. This method is very amenable to the acquisition of data with high statistical significance, but the throughput is very much diminished compared to automated microscopy. The most significant advantage of flow vermimetry is in the ability to analyze whole worm populations as a single group for a replicate, rather than splitting them into multiple wells and analyzing the average of the wells. Analyzing large groups in this fashion dramatically improves the statistical power and allows the detection of even small effects.
Modifications of the Liquid Killing Assay
For killing assays with either P. aeruginosa or E. faecalis, it is crucial to ensure that there is adequate food for the development of the worms from the L1 stage until they are ready to be used in the assay. Starvation, even in the short-term, is known to activate a number of host defense pathways, such as the DAF-2/DAF-16 insulin/IGF signaling network 27 . Our data suggest that DAF-16/FOXO is already slightly activated by being cultured in liquid 20 , and further activation is strongly undesirable, since DAF-16/FOXO promotes broad-spectrum pathogen resistance 23 .
Finally, it is crucial to use completely sterile worms in any assay that relies on mortality as a readout. If worms are fertile, being in liquid causes difficulties in egg laying. As a result, some of the embryos hatch within the parent, eventually causing its death. For this reason, we generally use a genetic lesion, such as glp-4(bn2) 28 , that demonstrates a completely penetrant sterile phenotype for these assays. The use of chemicals that prevent embryonic development but still allow egg laying, such as 5-fluorodeoxyuridine (FUdR), should be avoided as they may also interfere with bacterial growth and development.
In general, we have found it quite helpful to plan several time points for analysis. Although the assay is robust and the timing is generally consistent, stochastic and imperceptible changes can shift the timing of death in the assay within 2 -4 hours. When troubleshooting is necessary, it is often helpful to consider first the simplest of answers; i.e., prepare fresh media, discard the most recent bacterial cultures, and re-streak bacterial strains from frozen stocks, etc. Only very rarely do these measures not restore the assay to functionality.
Due to the relative simplicity of the method, a wide variety of modifications can easily be performed. Changing the worms from a uniform glp-4(bn2) background for high-throughput RNAi screens, such as those we describe herein, is useful for the identification of host response pathways for a wide range of xenobiotics and toxic chemicals. For example, by adding the same chemical or toxin into each well of RNAi plates (e.g., Cry5B toxin, phenanthroline, etc.), pathways that alter the sensitivity to these toxins can be readily identified. These types of screens can also be used to identify defense networks against any of the panoply of pathogens that infect C. elegans.
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